A coupled-channel analysis of the 18, 20, 22 O(p, p ′ ) data has been performed to determine the neutron transition strengths of 2 + 1 states in Oxygen targets, using the microscopic optical potential and inelastic form factor calculated in the folding model. A complex density-and isospin dependent version of the CDM3Y6 interaction was constructed, based on the Brueckner-Hatree-Fock calculation of nuclear matter, for the folding model input. Given an accurate isovector density dependence of the CDM3Y6 interaction, the isoscalar (δ 0 ) and isovector (δ 1 ) deformation lengths 
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I. INTRODUCTION
Inelastic proton scattering has been used over decades as a very efficient tool to yield the nuclear structure information. In difference from the electromagnetic probes, protons interact strongly with both protons and neutrons in the target nucleus, and the neutron and proton transition strengths of a nuclear excitation could be reliably deduced from the (p, p ′ ) measurement, in terms of the neutron M n and M p matrix elements [1] . The knowledge of M n and M p can shed light into the relative contributions by the valence nucleons and the core to the nuclear excitation, and hence, provides important information on the core polarization by the valence nucleons which could eventually lead to changes in the shell structure. This topic has recently become of significant interest in the experimental studies with radioactive beams where the inelastic proton scattering can be accurately measured, in the inverse kinematics, for the short-lived unstable nuclei (see, e.g., Refs. [2, 3, 4, 5, 6] for the (p, p ′ ) measurements with the unstable Oxygen isotopes). With large neutron (or proton) excess in the unstable nuclei, such proton scattering data provide also a vital information for studying the isospin effects in the proton-nucleus interaction. Although the isospin dependence of the nucleon optical potential (OP), known by now as Lane potential [7] , has been studied since a long time, few attempts were made to study the isospin dependence of the transition potential or form factor (FF) for inelastic scattering. As neutron and proton contribute differently to the nuclear excitation, the inelastic scattering FF contains also an isospin dependence [8] which determines the degree of the isovector mixing in the inelastic scattering channel that induces the excitation [12] .
In general, the isospin-dependent part of the nucleon-nucleus OP is proportional to the product of the projectile and target isospins, and the total OP can be written in terms of the isoscalar (IS) and isovector (IV) components [7] as
where the + sign pertains to incident neutron and -sign to incident proton. The strength of the Lane potential U 1 is known from (p, p) and (n, n) elastic scattering and (p, n) reactions studies, to be around 30-40% of the U 0 strength. In the first order of the collective model, inelastic nucleon-nucleus scattering cross section can be reasonably described, in the distorted-wave Born approximation (DWBA) or coupled channel (CC) formalism, with the inelastic form factor F given by 'deforming' the optical potential (1) as
The explicit knowledge of the deformation lengths δ 0 and δ 1 would give us important structure information about the IS and IV transition strengths of the nuclear excitation under study. There are only two types of experiment that might allow one to determine δ 0 and δ 1 using prescription (2):
i) Charge exchange (p, n) reaction leading to the excited isobar analog state. It was shown, however, that the calculated inelastic (p, n) cross sections were insensitive to δ 1 due to the dominance of two-step process [9] .
ii) Another way is to extract δ 0(1) from the (p, p ′ ) and (n, n ′ ) data measured at about the same energy for the same excited state of the target [8, 9] . Since εU 1 /U 0 is only about few percent, the uncertainty of this method can be quite large. Moreover, it remains technically not feasible to perform simultaneously (p, p ′ ) and (n, n ′ ) measurements in the inverse kinematics for unstable nuclei.
From a theoretical point of view, the form factor (2) has been shown to have inaccurate radial shape which tends to underestimate the transition strength, especially, for highmultipole excitations induced by inelastic heavy-ion scattering [10, 11] . As an alternative, a compact approach based on the folding model has been suggested in Ref. [12] for the determination of the IS and IV transition strengths of the (∆S = ∆T = 0) nuclear excitations induced by inelastic proton scattering. This compact folding approach was used with some success in the DWBA analyses of the 30−40 S(p, p ′ ) and 18−22 O(p, p ′ ) data measured in the inverse kinematics, to determine δ 0 and δ 1 for the 2 + 1 states in the Sulfur and Oxygen isotopes under study [12, 13] . We recall that the basic inputs for such a folding + DWBA analysis are the effective NN interaction between the incident proton and those bound in the target, and the transition densities of the nuclear excitation. Consequently, for a carefully chosen model of the nuclear transition densities, the more accurate the choice of the effective NN interaction the more reliable the deduced δ 0 and δ 1 deformation lengths.
Our first folding model analysis of the 18, 20 O(p, p ′ ) data [12] has used a well-tested CDM3Y6 density dependent interaction [14] to construct the proton-nucleus OP and inelastic FF. For simplicity, the density dependence of the isovector part of the CDM3Y6 interaction has been assumed in Ref. [12] , following a Hartree-Fock (HF) study of asymmet-ric nuclear matter [15] , to be the same as that of the isoscalar part. As a result, quite a strong IV mixing was found for 2 [17] , where the isovector coupling was used to explicitly link the isovector part of the nucleon OP to the cross section of (p, n) reaction. In particular, a complex isovector density dependence of the CDM3Y6 interaction has been constructed based on the microscopic Brueckner-HatreeFock calculation of nuclear matter [18] by Jeukenne, Lejeune and Mahaux (JLM) before being used as folding input. The main conclusion drawn from the results of Refs. [16, 17] is that the strength the isovector density dependence of the CDM3Y6 interaction, even after it was fine tuned against the JLM results, is somewhat weak compared to the empirical isovector strength implied by the (p, n) data. As a result, a renormalization of the (real) isovector density dependence of the CDM3Y6 interaction by a factor of 1.2 -1.3 was found [17] necessary to account for the measured (p, n) cross sections. Such an enhancement of the isovector density dependence of the CDM3Y6 interaction was also shown [16, 17] necessary for a good HF description of the nuclear matter symmetry energy compared to the empirical estimates.
Since a realistic isospin dependence of the effective NN interaction is vital for the determination of the IS and IV deformation lengths (or M n and M p moments), a revised folding We describe here briefly the method suggested first in Ref. [12] to link the deformation of an excited nucleus and the corresponding transition density based on a collective model treatment. As the nuclear deformation is associated with the 'deformed' shape of excited nucleus, instead of 'deforming' the optical potential (2), one can build up the proton and neutron transition densities of a 2 λ -pole excitation (λ ≥ 2) using the so-called Bohr-Mottelson (BM) prescription [19] separately for protons and neutrons
Here ρ τ g.s.
(r) are the proton and neutron ground state (g.s.) densities and δ τ the corresponding deformation lengths. Given an appropriate choice of the g.s. proton and neutron densities it is natural to represent the IS and IV parts of the total g.s. density as
One can then generate, using the same BM prescription, the IS and IV parts of the nuclear transition density by deforming (4) as
The explicit expressions for the IS and IV deformation lengths are then easily obtained, after some integration in parts, as
Here the radial momenta < r λ−1 > x (x = n, p, A) are obtained with the neutron, proton and total g.s. densities as
The transition matrix element associated with a given component of nuclear transition density (y = n, p, 0, 1) is
The ratios of the neutron/proton and IS/IV transition matrix elements are given by
It is useful to note that there is a one-to-one correspondence between the ratios of transition matrix elements in the two representations, and they are related by
If one assumes that the excitation is purely isoscalar and the neutron and proton densities have the same radial shape (scaled by the ratio
Consequently, any significant deviation of the M n /M p ratio from N/Z (or deviation of the M 1 /M 0 ratio from ε) would directly indicate an isovector mixing in the nuclear excitation.
Since the electric transition probabilities B(E2) for 2 + 1 states in 18, 20, 22 O isotopes have been measured, we can choose the proton deformation length δ p so that the experimental transition rate is reproduced by B exp (E2 ↑) = e 2 |M p | 2 . As a result, the only free parameter to be determined from the folding model analysis of the (p, p ′ ) data is the neutron deformation length δ n . All the transition matrix elements and other deformation lengths can be directly obtained from δ p and δ n using Eqs. (3)- (11) . This feature is the main advantage of our folding model approach compared to the standard DWBA or CC analysis using the collective model prescription (2).
We note that the same 18, 20, 22 O(p, p ′ ) data have been studied in the folding model using the microscopic nuclear transition densities calculated in the quasiparticle random phase approximation (QRPA) [20] . In these calculations [3, 5, 21] , the QRPA proton transition density is scaled to reproduce the experimental B(Eλ) values, while the strength of the neutron transition density is adjusted to the best DWBA or CC fit to the (p, p ′ ) data.
The M n and M p transition matrix elements given by the 'scaled' QRPA transition densities are then compared with the empirical estimates. Since different effective NN interactions were used in the folding calculations of Refs. [3, 5, 21] , it is of interest from the reaction theory point of view to probe the microscopic QRPA transition densities in our folding model analysis using the same effective NN interaction. Therefore, in addition to the BM transition densities (3), we have used in the present work also the QRPA transition densities for 2
states in Oxygen isotopes given by the continuum QRPA calculation by Khan et al. [20] to calculate the inelastic FF. The proton and neutron g.s. densities obtained in the HartreeFock-Bogoljubov study [22] were used in the folding model calculation of the proton-nucleus optical potential.
B. Folding model with complex CDM3Y6 interaction
In our version [23] of the folding model, the central nucleon-nucleus potential is evaluated in a Hartree-Fock manner as
where v D(EX) are the direct and exchange components of the effective NN interaction between the incident nucleon i and nucleon j bound in the target A. The antisymmetrization gives rise to the exchange term in Eq. (14) which makes the nucleon-nucleus potential nonlocal in the coordinate space. To separate the IS and IV contributions, one needs to make explicit the spin-and isospin dependence of the (energy-and density dependent) NN interaction
where s is the internucleon distance. The contribution from the spin dependent terms (v 10 and v 11 ) in Eq. (15) to the central nucleon-nucleus potential (14) is exactly zero for the (spin-saturated) Oxygen targets considered in the present work.
Using a realistic local approximation for the exchange term, the nucleon-nucleus potential (14) can be obtained [23] in terms of the isoscalar (U IS ) and isovector (U IV ) parts as
where the + sign pertains to incident neutron and -sign to incident proton. The second term in Eq. (16) is the microscopic expression for the Lane potential in Eq.
(1) as well as its prototype in Eq. (2) for the inelastic scattering FF. Each term in Eq. (16) consists of the corresponding direct and exchange potentials
where ρ(r, r ′ ) is the (one-body) density matrix of the target nucleus, with ρ(r) ≡ ρ(r, r).
is the zero-order spherical Bessel function and momentum k(R) is determined from
Here, µ is the nucleon reduced mass, U(R) and V C (R) are the nuclear and Coulomb parts of the OP, respectively. For a consistent description of the elastic and inelastic nucleonnucleus scattering, one needs to take into account explicitly the multipole decomposition of the neutron and proton densities that enter the folding calculation (17)- (18). The details of the folding calculation of U IS and U IV are the same as those given in Ref. [23] , excepting the use of a realistic local approximation for the transition density matrix taken from Ref. [24] .
We note that there exists a more sophisticated version of the single-folding approach, known as the g-folding model [25] , where the nonlocal exchange potential is treated exactly in the Schrödinger equation for the scattered wave, using the explicit wave function for each single-particle state |j > taken from the shell model. In this sense, our approach is more flexible because one needs to use for the folding input only the total proton and neutron densities ρ τ (r) and the nuclear densities of any structure model can be used. In particular, the use of the 'collective model' prescription (3) for the transition densities has allowed us to determine the IS and IV deformations of a nuclear excitation.
For the effective interaction, we used the density-and isospin dependent CDM3Y6 interaction [14] . While the isoscalar density dependence of the CDM3Y6 interaction has been well tested in the folding model analyses of refractive α-nucleus and nucleus-nucleus scattering (see recent review in Ref. [26] ), its isovector density dependence was studied only recently in the CC analysis [16, 17] of the charge exchange (p, n) reaction exciting the 0 + isobaric analog states of targets ranging from 6 He to 208 Pb. We recall that the IS density dependence of the CDM3Y6 interaction was introduced [14] as
where v
D(EX) 00
(s) are the direct and exchange components of the isoscalar M3Y-Paris interaction [27] . Parameters of F IS were chosen [14] to reproduce the saturation properties of symmetric nuclear matter in the HF calculation. With a linear energy dependence included into C 0 , the IS interaction (20) reproduces very well the empirical energy dependence of the IS nucleon OP in nuclear matter [28] .
For an accurate folding model analysis of the 18, 20, 22 O(p, p ′ ) data, it is highly desirable to have a complex, density-and isospin dependent NN interaction for the input of the folding calculation (16)- (18). Following Ref. [17] , we have constructed in the present work, explicitly for each energy, an imaginary IS density dependence of the same functional form (21) and a complex IV density dependence of the M3Y-Paris interaction
where the parameters were adjusted to reproduce the JLM density-and isospin dependent nucleon OP [18] in the HF calculation of nuclear matter. All radial shapes of v D(EX) 00(01) (s) were kept unchanged as derived in terms of three Yukawas from the M3Y-Paris interaction [27] (see the explicit expressions for v D(EX) 00(01) (s) in Ref. [15] ). The isovector part of the folded proton-nucleus OP has been used in Ref. [17] as the FF for the (p, n) reaction exciting the isobaric analog states, based on the isospin coupling scheme. It turned out [17] that the strength of the real isovector interaction (22) is quite weak to account for the observed (p, n) data and an enhancement of about 20-30% is needed for a good CC description of the (p, n) reaction. Therefore, we have scaled parameter C 1 of the real IV density dependence (23) by a factor of 1.3 before using for the input of the folding calculation (16)- (18) . The final parameters of the complex density dependences F IS(IV) (E, ρ) are presented in Table I . We note that the central proton-nucleus potential (16) (21) and (23), respectively. performed using the CC code ECIS97 written by Raynal [29] .
III. RESULTS AND DISCUSSIONS
A. As a result, the only remaining parameter is the neutron deformation length δ n which is determined from the best CC fit to the inelastic scattering data. The renormalization factors N R and N I of the real and imaginary folded OP were first obtained in the OM analysis of the elastic data (see Table II Fig. 2 . Like the earlier folding model study [12] , we found in the present analysis a significant IV mixing in 2 + 1 excitation which leads to M n /M p ≈ 1.55 (see Table III ). This value is about 25% larger than the ratio implied by the isoscalar limit (M n /M p = N/Z = 1.25). Compared to the elastic channel, the agreement of the CC results with the measured analyzing power of inelastic scattering is rather poor at medium angles, and that could well be due to a simple treatment the inelastic spin-orbital FF adopted in our folding method [23] . However, the inelastic spin-orbital FF does not affect significantly the calculated inelastic 2 + scattering cross section which is dominated by contribution from the central FF, and the widely accepted procedure is to deduce deformation parameters by matching the calculated inelastic scattering cross section to the data. To stress the reliability of the folding approach, we have done in parallel the same CC calculation but using the collective model form factor (2) determined with the phenomenological OP by Koning and Delaroche [36] and the same IS and IV deformation lengths. As expected, the form factor (2) was found to strongly underestimate the measured 2 + cross section at large angles, in about the same way as established earlier in the folding model studies of inelastic heavy-ion scattering [10, 11] . This explains naturally why the IS and IV deformation lengths of 2 + 1 state in 18 O deduced by Grabmayr et al. [8] in their collective model analysis of the same data (δ 0 ≈ 1.26 fm and δ 1 ≈ 3.14 fm) are significantly larger than the values deduced from our folding model analysis (see Table III ). The numerical uncertainties of δ p given in Table III are fully determined by those of the measured B(E2) values, while an uncertainty of around 5% was assigned to δ n which gives a cross-section shift within the experimental errors. The uncertainties of the IS and IV deformation lengths and ratios of transition matrix elements were deduced directly from those found for δ p and δ n .
The neutron deformation length found in the CC analysis of the inelastic p+ As mentioned above, an alternative method to determine the neutron transition matrix element M n has been suggested some 30 years ago by Bernstein et al. [33] based on the isospin symmetry. Namely, M n can be obtained from M p measured for the same 2 + excitation in the mirror nucleus with an electromagnetic probe if one assumes the charge independence of the 2 + excitation in members of a T -isospin multiplet. In particular, one has for the isobars with opposite signs of the isospin projection T z
Using the electric transition rates B(E2) for 18 O and 18 Ne taken from the latest compilation of the experimental data [34] , we easily deduce the ratio of transition matrix elements we have done the same folding + CC calculation but using the enhanced neutron transition density (3) which gives M n /M p ≈ 2.44. Then, the calculated inelastic cross sections strongly overestimate the measured (p, p ′ ) data at both energies under study (see Fig. 4 ). Assuming the realistic value M n /M p ≈ 1.55, we might interpret the difference shown in Fig. 4 as an indication to the isospin impurity in the 2 + 1 excitations of the A = 18, T = 1 isobaric multiplet. It is complementary to note that a similar isospin-impurity effect has been found by Khan et [3] . Similar to our earlier folding + DWBA analysis [12] of these data, the best-fit M n /M p ratio for the 3 M 1 /M 0 ≈ ε = 0.2. The deduced IV deformation length (see Table III ) is about 2.5 times the IS deformation length and confirms, therefore, a strong core polarization by the valence neutrons in 2 and M n /M p ≈ 3.36 [20] . A good CC description of the (p, p ′ ) cross section was obtained after a slight renormalization of the QRPA transition densities to reproduce the experimental B(E2) value and best-fit M n /M p ratio (see Fig. 5 ). We stress that the use of a more realistic version of the (complex) density-and isospin dependent CDM3Y6 interaction in the present work has pinned down the best-fit ratio of transition matrix elements for 2
24 which is very close to that deduced from the JLM folding model analysis [3] of the same data. Together with the results of the BBM analysis reported in Refs. is around 40%. This difference reduces to around 30% when one adopts the upper limit of the measured transition rate, B(E2 ↑) ≈ 210 e 2 fm 4 , for 2 + 1 state in 20 Mg [6] . We must note, however, that the last 2 data points in Fig. 6 analysis [5] of these data using the method (3)- (11) and original CDM3Y6 interaction (with the IV density dependence assumed to be the same as the IS one) has pointed to a much weaker neutron transition strength of 2 deformation length δ 1 is around 30% larger than the IS deformation length δ 0 (see Table III) and this is much smaller than the difference between δ 1 and δ 0 found above for 2 NN interaction properly in a folding model analysis of proton scattering on a neutron-rich target before the neutron transition strength can be accurately deduced. Although one could still obtain a good description of the (p, p ′ ) data with the IS form factor only by scaling up the strength of transition densities, like in the folding model analysis [21] of these same data using the same continuum QRPA transition densities and isospin independent DDM3Y interaction, it is uncertain to compare the best-fit M n /M p ratios obtained in such an analysis with those deduced by our consistent folding method. We note further that the more advanced g-folding model [25] was also used recently to study the same inelastic proton scattering data on Oxygens [38] . While the inelastic cross sections given by this g-folding model agree fairly with data in the angular shape, the authors need to scale the calculated (p, p ′ ) cross sections by a factor of 2, 5 and 1.6 to fit the data for 2 With a direct connection between the IV deformation and dynamic contribution by the valence neutrons to the nuclear excitation, it is natural to link the IV deformation with possible changes of the neutron shell structure. The best-fit IS and IV deformation lengths of 2 + 1 states in Oxygen isotopes and those derived from the results of continuum QRPA calculation [20] , using Eqs. (9) and (10) , are plotted versus the neutron number N in Fig. 9 .
For the double-closed shell 16 O nucleus, we have adopted the IS limit with δ 0 = δ 1 = 1.038 ± 0.048 fm as deduced from the measured B(E2) value and used in a recent folding model study of inelastic 16 O+ 16 O scattering [39] . An enhanced IV deformation (with δ 1 > δ 0 )
resulted from the core polarization by the valence neutrons can be seen for the open-shell 24 O was predicted by different structure calculations [20, 40] to be around 4 MeV, the experimental observation has been quite difficult due to the weak excitation of this state. In particular, no (p, p ′ ) data could be measured so far for 2 has also been observed in the same neutron decay measurement [41] at an excitation energy of around 2.8 MeV which fits well into the gap of about 4 MeV between the 1s 1/2 and 0d 3/2 subshells predicted, e.g., by the Hartree-Fock-Bogoljubov calculation [40] . Based on this discussion as well as the systematics on the β-decay Q values and single neutron separation energies made by Kanungo et al. [43] for a wide range of neutron rich even-even isotopes, we can draw a definitive conclusion on the neutron shell closure at N = 16 in unstable Oxygen isotopes. To this end, more experiments for 24 O, especially, the (p, p ′ ) measurement in the inverse kinematics would be of further interest.
IV. SUMMARY
A coupled channel analysis of the 18, 20, 22 O(p, p ′ ) scattering data has been performed, using the OP and inelastic FF calculated microscopically in a compact folding model approach, to extract the neutron transition matrix elements M n as well as the isoscalar (δ 0 ) and isovector (δ 1 ) deformation lengths of 2 + 1 states in the Oxygen isotopes, with the proton transition matrix elements M p fixed by the measured electric transition rates B(E2).
The newly determined ratios M n /M p for 2 
